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Mover, a member of the exquisitely small group of
vertebrate-specific presynaptic proteins, has been
discovered as an interaction partner of the scaf-
folding protein Bassoon, yet its function has not
been elucidated. We used adeno-associated virus
(AAV)-mediated shRNA expression to knock down
Mover in the calyx of Held in vivo. Although sponta-
neous synaptic transmission remained unaffected,
we found a strong increase of the evoked EPSC
amplitude. The size of the readily releasable pool
was unaltered, but short-term depression was accel-
erated and enhanced, consistent with an increase in
release probability after Mover knockdown. This
increase in release probability was not caused by
alterations in Ca2+ influx but rather by a higher Ca2+
sensitivity of the release machinery, as demon-
strated by presynaptic Ca2+ uncaging. We therefore
conclude that Mover expression in certain subsets
of synapses negatively regulates synaptic release
probability, constituting a novel mechanism to tune
synaptic transmission.
INTRODUCTION
Neurotransmitter release is initiated by a complex cascade of
molecular events in nerve terminals that result in the exocytotic
fusion of one or more synaptic vesicles (SVs) (Su¨dhof, 2013).
The probability that SVs fuse in response to an action potential
is highly variable among populations of synapses, and even syn-
aptic boutons arising from the same axon may release neuro-
transmitter with different probabilities (Atwood and Karunanithi,
2002). The mechanisms defining release probability (Pr) are
only partially understood and include calcium channel inactiva-
tion, calcium buffering, and transient modification of presynaptic
proteins. These mechanisms provide fast adjustments of syn-
aptic strength according to the requirements of synaptic trans-
mission (reviewed by Branco and Staras, 2009). The structuralenvironment of this tightly regulated process is the so-called cy-
tomatrix of the active zone (CAZ), a highly organized molecular
scaffold specialized for supply, docking, priming, and release
of SVs at the active zone (AZ) with millisecond precision (Su¨dhof,
2012).
Most of the proteins and protein families found in the CAZ as
well as in the neurotransmitter release machinery are evolu-
tionary conserved, pointing to a fundamental role in synaptic
transmission. Considering the extreme increase in complexity
of vertebrate brains, surprisingly few synaptic proteins were
newly developed during vertebrate evolution. It may thus be
speculated that these newly developed vertebrate-specific pro-
teins have a modulatory role adjusting the synaptic machinery to
needs of a more complex brain rather than being essential for
basic synapse assembly and function. Among the few verte-
brate-specific synaptic proteins is the largemulti-domain protein
Bassoon (400 kDa). Bassoon is restricted to the CAZ and has
been shown to recruit various other proteins to the CAZ, gener-
ating a supramolecular scaffold (Wang et al., 2009; Davydova
et al., 2014). However, the exact role of Bassoon in synaptic
transmission remains incompletely understood (Altrock et al.,
2003; Mukherjee et al., 2010; Davydova et al., 2014). Therefore,
establishing new interaction partners of Bassoon may introduce
new perspectives on the roles of vertebrate-specific proteins in
synaptic organization and transmission.
In a recent study, using the C terminus of Bassoon in a yeast-
two-hybrid screen, we identified Mover as a novel interaction
partner of Bassoon (Kremer et al., 2007). Mover is a verte-
brate-specific 30-kDa protein (GenBank: NP_080664) consisting
of 266 amino acids that self-interacts to form homomers (Ahmed
et al., 2013). Bioinformatical analyses predict a phosphoinositol
phosphatase domain (hSac2 ans pfam12456), but no other
similarities with existing domains or proteins. A threonin phos-
phorylation site at amino acid 13 has been detected in a mass
spectrometry study of presynaptic proteins (Munton et al.,
2007). Mover has also been identified in the synaptic vesicle pro-
teome (Burre´ et al., 2006, as SVAP30; Boyken et al., 2013),
consistent with subcellular fractionation experiments showing
a close association of Mover with SVs (Kremer et al., 2007;
Ahmed et al., 2013). A gene expression study found expression
of its cDNA (named Tprgl) in many tissues, including the brain
(Antonini et al., 2008). Mover cDNA is highly expressed in theNeuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc. 521
hippocampal CA1, CA3 and dentate gyrus areas, the cerebellar
Purkinje cell layer, superficial layers of neocortex, pontine central
gray, and restricted areas of the striatum, while lower levels are
present in most brain areas (Allen Mouse Brain Atlas; http://
www.brain-map.org). On the protein level, Mover is detectable
in subsets of excitatory and inhibitory synapses throughout the
brain, including hippocampus, cerebellar cortex, and auditory
brainstem. In the hippocampal CA3 region, Mover is present at
glutamatergic and absent from GABAergic synapses, whereas
it is present at GABAergic synapses in the cerebellum (Kremer
et al., 2007). Hence, Mover is a vertebrate-specific presynaptic
phosphoprotein interacting with Bassoon and SVs, but its func-
tion remains unknown.
To assess the contribution of Mover to synaptic transmission,
we chose to perturb its function in the calyx of Held, a giant ter-
minal in the auditory brainstem established as a model synapse
for glutamatergic synaptic transmission (Borst and Soria van
Hoeve, 2012). The calyx offers the possibility to combine detailed
functional analyses of synaptic transmission with perturbations
of protein function in vivo (e.g., Wimmer et al., 2004; Young
and Neher, 2009; Schwenger and Kuner, 2010; Kochubey and
Schneggenburger, 2011a). We generated an in vivo knockdown
of Mover using adeno-associated virus (AAV)-mediated small
hairpin RNA (shRNA) expression in globular bushy cells of the
ventral cochlear nucleus (VCN), the projection neurons forming
the calyces of Held. We found a strong decrease of Mover
expression in the calyx associated with unchanged spontaneous
synaptic transmission, increased amplitude of evoked excitatory
postsynaptic currents (EPSCs), unaltered readily releasable
pool (RRP) size, increased vesicular Pr, and accelerated and
enhanced short-term depression and recovery from depression.
While presynaptic calcium currents remained unaltered, the cal-
cium sensitivity of SV fusion was increased, suggesting that
Mover acts as a negative regulator of Pr by decreasing the cal-
cium sensitivity of the release machinery.
RESULTS
Distribution of Mover in the Calyx of Held
To determine the precise distribution of Mover within the calyx
of Held, we performed immunohistochemistry in calyces prela-
beled with membrane-bound GFP (mGFP), allowing us to
unambiguously distinguish calyceal from extra-calyceal immu-
nosignals (Dondzillo et al., 2010). Because Mover was found
as a Bassoon interactor associated with SVs (Kremer et al.,
2007), fixed brainstem slices were stained against Mover and
either Bassoon or the SV marker VGLUT1 (Figures 1A and
1B). Mover was present throughout the calyx volume and
was lacking only at a few areas. The distribution of Mover
overlapped widely with that of synaptic vesicles (anti-VGLUT1)
and AZs (anti-Bassoon). It was also present in non-calyceal
terminals surrounding the principal cells (red dots, right panel).
Analyses in 3D-reconstructed calyces further supported co-
localization of Mover with VGLUT1 and Bassoon immunoreac-
tivity (Figure S1).
Co-localization of Mover with Bassoon and SVs was further
investigated using super-resolution microscopy (direct sto-
chastic optical reconstruction microscopy [dSTORM]) (Figures522 Neuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc.1C and 1D). Mover showed strong co-localization with VGLUT1
on a spatial scale of 30 nm (Figure 1C), as expected for a pro-
tein present on SVs. However, dSTORM images revealed a
non-overlapping yet closely associated distribution of Mover
and Bassoon immunoreactivities (Figure 1D). This spatial
pattern may be explained by the divergent positions of the
epitope recognized by the Bassoon antibody, which is located
in the middle of the protein, and the binding site of Mover at the
Bassoon C terminus. Thus, super-resolution microscopy con-
firms that Mover is located on SVs and associated with
Bassoon.
Furthermore, we examined the localization of both Mover and
its binding partner Bassoon with pre-embedding immuno-gold
electron microscopy (Figures 1E and 1F). Gold particles were
found on the cytoplasmic membrane surface of SVs, confirming
that Mover is attached to SVs albeit lacking a transmembrane
domain (Figure 1E) (Ahmed et al., 2013). Mover immuno-gold
signals were typically not found directly at the AZ plasma mem-
brane but rather at a distance of100 nm into the SV cluster (Fig-
ure 1F), resembling the pattern found for Bassoon (Dani et al.,
2010). In summary, immunohistochemistry supports the notion
that Mover is present on synaptic vesicles and associates with
Bassoon.
Mover Knockdown In Vivo
Knockdown of Mover was first tested in hippocampal cultures by
transducing 5-days-old neurons with AAVs expressing either a
shRNA directed against Mover mRNA (termed ‘‘KD’’ from here
on) or a mismatched control shRNA (termed ‘‘MM’’). Both viruses
expressed the fluorescent reportermOrange in cis. The efficiency
of the knockdown was examined by immunocytochemistry and
western blotting at DIV 14 (Figure S2). Immunocytochemistry re-
vealed an almost complete loss of Mover-positive puncta in KD-
transduced cells. In line with this, western blot analyses showed
an almost complete loss of Mover protein upon KD-shRNA
expression while expression of the mismatched control shRNA
had no effect as compared to wild-type controls (Figure S2).
Additionally, to further exclude potential off-target effects of the
knockdown shRNA, we generated a shRNA-insensitive version of
Mover (rescueconstruct, termed‘‘RES’’ fromhereon;FigureS2K).
The rescue construct was expressed in cis with the knockdown
shRNA to simultaneously target endogenous Mover.
Having successfully established Mover knockdown in cell cul-
ture, we sought to knock it down in the calyx of Held in vivo. AAV
particles expressing either KD- or MM-shRNA were injected into
the ventral cochlear nucleus (VCN) of P2 rats. To allow for 3D
reconstruction and quantification of Mover expression levels,
we co-injected AAV particles coding for mGFP. At P12/P13, in-
jected rats were fixed, and brainstem slices were stained for
Mover. Calyces expressing either mGFP only or mGFP andmOr-
ange were reconstructed from confocal stacks using the mGFP
signal. A strong reduction in Mover immunosignal was detected
in calyces expressing KD-shRNA (Figure 2B), in contrast to
control calyces expressing either mGFP only (Figure 2A) or
MM-shRNA (Figure 2C). Three-dimensional quantification of the
Mover immunosignal in individual calyces revealed an 75%
reduction in the calyx volume occupied by Mover in calyces ex-
pressing KD-shRNA (Figure 2D). Expression of MM-shRNA had
Figure 1. Mover Is Localized to the Outer Membranes of SVs at Active Zones
(A andB) Individual confocal sections ofmGFP-prelabeled calyces, Mover, and SVmarker VGLUT1 (A) or active zonemarker Bassoon (B). Colors inmerged panel
are as follows: pink:Mover and Bassoon/VGLUT1 co-localization outside themGFP-labeled calyx, andwhite: Mover and Bassoon/VGLUT1 co-localization inside
the mGFP-labeled calyx. Scale bars are 10 mm.
(C and D) Representative dSTORM images of putative active zones in the calyx of Held labeled with Mover (red) and either VGLUT1 (C) or Bassoon (D). For
overview images, see Figure S1. Scale bars are 500 nm.
(E and F) Electron micrographs of immunogold-labeled Mover (E) and Bassoon (F). Gold particles (5 nm) are labeled with arrows. Scale bars are 100 nm.no effect on the Mover signal, confirming the specificity of the
knockdown under in vivo conditions.
Increased Evoked Release upon Mover Knockdown
After establishing the specific knockdown of Mover at P12/P13,
we examined its effects on synaptic transmission. We first re-
corded spontaneous EPSCs from principal cells that were tar-
geted by either Mover knockdown or mismatch control calyces
as identified by mOrange fluorescence. Knockdown of Mover
did not have any effect on spontaneous EPSCs (Figure 3A).
Neither spontaneous EPSC kinetics nor amplitude or frequency
was changed as compared to wild-type, mismatch, or rescue
control calyces. Since spontaneous synaptic transmission was
unaffected upon Mover knockdown, we conclude that the basic
release machinery, the number of release sites, and the proper-
ties of the postsynaptic AMPA receptors are not affected by
Mover.To examine whether Mover knockdown affects phasic Ca2+-
induced release, we elicited single presynaptic action poten-
tials by afferent fiber stimulation and recorded the resulting
EPSCs from the postsynaptic principal cell. Cells that were
targeted by Mover knockdown calyces showed highly signifi-
cantly increased evoked EPSC amplitudes (12.54 ± 0.94 nA,
n = 20) as compared to wild-type, mismatch, or rescue con-
trols (8.04 ± 0.74 nA, n = 17; 10.27 ± 1.51 nA, n = 12; and
7.07 ± 0.56 nA, n = 10, respectively; p = 0.001) (Figures 3B1
and 3B2). EPSC kinetics were not affected by Mover knock-
down (Figures 3B3–3B5). Hence, knockdown of Mover in the
calyx of Held resulted in a selective increase in evoked
release.
Mover Knockdown Accelerates Short-Term Depression
Since the EPSC amplitude after a single stimulus was increased
in Mover knockdown calyces, we examined the impact of MoverNeuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc. 523
Figure 2. Mover Is Efficiently Knocked Down in the Calyx of Held In Vivo
(A–C) Individual confocal sections of mGFP-prelabeled calyces, expression of Mover knockdown (KD) (B), and mismatch (MM) (C) shRNA are reported by the
expression of mOrange. Wild-type (WT) (A) calyces lack mOrange. Scale bars are 10 mm. mGFP-expressing calyces in the same brain section not expressing
mOrange were used as wild-type controls.
(D) Three-dimensional quantification of the calyx volume occupied by Mover immunoreactive signal (n = 9–12).
Error bars represent SEM.knockdown on synaptic transmission during trains of stimuli.
The immature calyx shows pronounced short-term depression
(STD) upon high-frequency stimulation (Borst and Soria van
Hoeve, 2012). We therefore applied trains of 50 stimuli at
100 Hz to the calyx and determined the properties of STD. As de-
picted in Figure 4, STD was faster and more complete in Mover
knockdown synapses as compared to wild-type, mismatch, and
rescue controls. STD was accelerated 2-fold in Mover knock-
down calyces as compared to wild-type, mismatch, and rescue
controls, as determined by the time constant of mono-exponen-524 Neuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc.tial fits used to describe the normalized amplitude decay (knock-
down: 0.0098 ± 0.0008 s, n = 16; wild-type: 0.0212 ± 0.0027 s,
n = 19; mismatch: 0.0197 ± 0.0023 s, n = 12; and rescue:
0.0193 ± 0.0023 s, n = 10; Figure 4F). Additionally, the paired-
pulse ratio (PPR) between the first two ESPCs of the train was
strongly decreased upon Mover knockdown (0.35 ± 0.03 [KD];
0.68 ± 0.05 [WT]; 0.66 ± 0.06 [MM]; and 0.65 ± 0.07 [RES]) (Fig-
ure 4H). The normalized extent of depression was increased
in Mover knockdown calyces (knockdown: 95.4% ± 0.6%;
wild-type: 90.3% ± 1.3%; mismatch: 92.3% ± 1.1%; and
Figure 3. Mover Knockdown Does Not
Affect Spontaneous Release but Increases
the Amplitude of Evoked EPSCs
(A) Representative sample current traces are de-
picted in (A1) (n = 10–15). Parameters of sponta-
neous release (amplitude, frequency, and kinetics)
are shown in (A2)–(A5).
(B) Superimposed representative recordings
of voked EPSCs from wild-type, knockdown,
mismatch, and rescue control synapses are
shown in (B1). The amplitude of evoked EPSCs
of Mover knockdown calyces is significantly
increased (B2), whereas the kinetic properties of
the EPSC remain unchanged (B3–B5) (n = 10–20).
Error bars represent SEM.rescue: 91.3% ± 0.9%) (Figures 4B and 4G). Nevertheless,
the amplitude of the last EPSC in the train was not changed
significantly after knockdown of Mover as compared to wild-
type, mismatch, and rescue controls (433 ± 74 pA, 491 ±
52 pA, 470 ± 80 pA, and 481 ± 71 pA, respectively). Since
the steady-state EPSC is thought to be supported from newly
mobilized SVs, the unchanged amplitude of the last EPSC in
the train suggests that the number of SVs replenished at the
AZ during synaptic activity is not changed upon knockdown of
Mover.
The size of the RRP and the replenishment rate of SVs to the
AZ can be determined from the y axis intersection and the slope
of a line fit through the linear part of the cumulative EPSCs
induced by a 100-Hz train (Schneggenburger et al., 1999).
Both parameters were unaffected by knockdown of Mover (Fig-
ures 4C–4E), although a non-significant tendency toward slower
SV replenishment was present in Mover knockdown synapses.
Having determined RRP size and EPSC amplitude, we calcu-
lated the compound vesicular release probability (Pr) of the calyx.
Pr was strongly increased inMover knockdown synapses (0.56 ±
0.04) as compared to wild-type, mismatch, and rescue synapsesNeuron 87, 521–53(0.37 ± 0.03, 0.38 ± 0.02, and 0.36 ± 0.03,
respectively) (Figure 4I), consistent with
the accelerated STD and decreased
PPR. Since the specificity of our knock-
down approach was confirmed by both
controls, the rescue construct was
omitted in the following experiments.
Mover Knockdown Accelerates
Recovery from Depression
To determine whether Mover is also
involved in RRP dynamics, we examined
the recovery from depression induced
by 20 stimuli at 100 Hz (Figure 5A). This
stimulus depletes the RRP, and the re-
covery reflects its refilling (Borst and So-
ria van Hoeve, 2012). The time course of
recovery was well described by a mono-
exponential function under our experi-
mental conditions (P12/P13) (Figure 5B).
Knockdown of Mover accelerated the re-covery from depression, leading to a decreased time constant of
recovery (2.58 ± 0.22 s, n = 12) as compared to wild-type and
mismatch controls (4.60 ± 0.73 s, n = 11, and 5.47 ± 0.56 s,
n = 8, respectively) (Figure 5C). Of note, among all recorded
calyces, recovery of Mover knockdown calyces could also be
well fitted with a bi-exponential function (tfast = 0.20 ± 0.05 s,
tslow = 4.58 ± 0.74 s, n = 11). This points to an increase of the
Ca2+-sensitive component of recovery, a mechanism triggered
by high-frequency firing (Wang andKaczmarek, 1998), in calyces
depleted of Mover.
Presynaptic DCm Recordings Confirm Increased Pr
Since the increase in Pr in the absence of Mover was shown only
indirectly, we aimed for amore direct demonstration of this effect
by presynaptic capacitance recordings. Whole-cell recordings
from identified presynaptic terminals were established, and the
increase in membrane capacitance (DCm) upon depolarizing
stimuli of various duration was examined (Figure 6A). Knock-
down of Mover had no effect on the maximal DCm amplitude de-
tected (310 ± 42 fF [KD, n = 9]; 296 ± 36 fF [WT, n = 13]; and 398 ±
74 fF [MM, n = 11]; p > 0.3), confirming an unaltered RRP size.3, August 5, 2015 ª2015 Elsevier Inc. 525
Figure 4. Mover Knockdown Increases the
Vesicular Pr, Resulting in an Increased and
Accelerated STD, whereas RRP Size and
SV Replenishment Are Not Altered
(A) Superimposed scaled representative current
traces recorded during 100-Hz stimulus trains (50
stimuli).
(B) Averaged normalized EPSC amplitudes during
100-Hz trains.
(C) Averaged cumulative EPSC amplitudes during
100-Hz trains.
(D–I) Quantification of RRP size (D), replenishment
rate (E), STD parameters (tSTD, F; extent of
depression, G; PPR, H), and compound Pr (I) (n =
10–20).
Error bars represent SEM.DCm responses were normalized to the ones obtained upon
10-ms depolarization, which has been shown to be sufficient
to release the complete RRP (Sun and Wu, 2001), and were
plotted against the stimulus duration. The increase inDCm ampli-
tude followed a mono-exponential time course, and its time
constant was decreased in Mover knockdown calyces (2.64 ±
0.44 ms, and n = 13) as compared to wild-type or mismatch
controls (6.07 ± 0.92 ms, n = 9, and 6.43 ± 0.8 ms, n = 11, res-
pectively) (Figure 6). Thus, upon Mover knockdown, shorter
stimuli—and thus less calcium entering into the calyx—were
sufficient to release most of the SVs of the RRP, confirming an
increased Pr.
Presynaptic Ca2+ Currents and Action Potential
Waveforms Are Unaffected by Mover Knockdown
Increased Pr could be explained either by an increased Ca
2+
influx at a given depolarization or by an increased sensitivity of
the release machinery to Ca2+. To test this, the presynaptic
Ca2+ currents were examined by applying depolarizing voltage
steps from 80 mV to 0 mV for 1, 2, 5, 10, 30, and 50 ms (Fig-
ure 7A). Knockdown of Mover had no effect on Ca2+ currents
when compared to wild-type or mismatch controls regardless
of stimulus duration (Figure 7B).526 Neuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc.However, a prolongation in presynaptic
action potential (AP) duration could lead
to an increased Ca2+ influx into the calyx.
We therefore examined the presynaptic
AP waveform during fiber stimulation at
varying frequencies (0.1 to 100 Hz), using
the full width at half maximum (FWHM) as
ameasure for AP duration. Knockdown of
Mover did not change the resting mem-
brane potential (Figure S3A) and had
no effect on AP FWHM or amplitude
when compared to wild-type calyces or
mismatch controls (Figures 7C–7E), inde-
pendent of stimulation frequency. More-
over, we did not observe any changes in
AP broadening and AP amplitude depres-
sion during 100-Hz stimulation upon
knockdown of Mover (Figures S3B andS3C). Thus, the increased Pr was most likely not caused by an
altered Ca2+ influx into the terminal.
Mover Knockdown Increases Ca2+ Sensitivity of the
Release Machinery
Since the increase in Pr found in Mover knockdown synapses
was not due to an increased Ca2+ influx, we examined the
Ca2+ sensitivity of release. We monitored the EPSCs in principal
cells elicited at 0.05 Hz, a frequency that does not induce STD.
The extracellular Ca2+ concentration was lowered to 0.25 mM,
to reduce Ca2+ influx into the calyx to a minimum, and was
then increased stepwise back to 2 mM (Figures 8A and 8B).
EPSC amplitudes reached a new steady state within 3 to 5 min
after solution exchange, suggesting that the Ca2+ concentration
equilibrated rapidly to the desired value. EPSC amplitudes were
normalized to the amplitude obtained after complete reconstitu-
tion of the extracellular Ca2+ concentration to avoid errors intro-
duced by rundown of the response or incomplete recovery.
Normalized EPSC amplitudes were plotted against the extra-
cellular Ca2+ concentration, and the dependence of vesicular
release on the extracellular Ca2+ concentration was fitted with
an exponential growth function (Figure 8A). Knockdown ofMover
led to an increased EPSC amplitude at 1.5mM extracellular Ca2+
Figure 5. Recovery from Synaptic Depres-
sion Is Accelerated in Mover Knockdown
Synapses
(A) Superimposed scaled representative current
traces. Each trace begins with an RRP-depleting
stimulus train and is followed by one test pulse.
The time interval between depletion and test
stimuli increased in each of the traces up to 15 s.
(B) Averaged fraction of recovery from depression
induced by 20 stimuli at 100 Hz. Data were fitted
using a mono-exponential function (fit to average
data are shown). Inset shows early time points for
WT and KD calyces.
(C) Quantification of recovery time constants (n =
8–11 calyces analyzed individually).
Error bars represent SEM.concentration, suggesting a higher Ca2+ sensitivity of the release
machinery in this concentration rage. The K value, however, was
only reduced by trend in Mover knockdown synapses (Fig-
ure 8B). These results suggest, although indirectly, that Mover
decreases the Pr by lowering the Ca
2+ sensitivity of the release
machinery in the range of Ca2+ concentrations found in vivo
(Lorteije et al., 2009).
To assess the calcium sensitivity of synaptic release more
directly, we performed Ca2+ uncaging experiments, which allow
uniform increases in calcium throughout the calyx and simulta-
neous measurements of the presynaptic calcium concentration
and the associated postsynaptic EPSC (Bollmann et al., 2000;
Schneggenburger and Neher, 2000). Figure 8C shows example
traces with increases of intracellular calcium concentration
[Ca2+]i to4 mM in aWT andMMcalyx and to2.5 mM in aMover
KD calyx. Although the elevation in [Ca2+]i was substantially
smaller in the Mover KD calyx, it still evoked a larger EPSC in
the postsynaptic cell. Knockdown of Mover consistently trig-
gered large EPSCs in response to relatively small elevations in
[Ca2+]i (Figure 8D) (p = 0.013, analysis of covariance [ANCOVA]).
Additionally, we performed deconvolution analysis of the EPSCs
triggered byCa2+ uncaging (Neher and Sakaba, 2001) and exam-
ined the peak release rate. Consistent with the EPSC amplitudes,
thepeak release rateswere also increased at relatively low [Ca2+]i
in Mover knockdown calyces (p = 0.049, ANCOVA; Figure 8E).
Having established the effects of Mover on the calcium sensi-
tivity of evoked release, we wondered why we did not detect
changes in spontaneous release upon Mover knockdown (Fig-
ure 3A). One possible explanation is that potential effects were
masked by the high extracellular calcium concentration [Ca2+]e
(2 mM) used in these experiments. Therefore, we re-examined
spontaneous release under conditions of low extracellular cal-Neuron 87, 521–53cium ([Ca2+]e = 0.75 mM). Consistent
with the results obtained at 2 mM
[Ca2+]e, we did not detect changes in
the properties of spontaneous release
upon Mover knockdown under low
[Ca2+]e conditions (Figure S4), indicating
that spontaneous release is indeed inde-
pendent of Mover. Thus, we conclude
that Mover knockdown leads to an in-crease in the intrinsic calcium sensitivity of SV fusion in response
to AP-induced calcium influx while leaving spontaneous release
unaffected.
DISCUSSION
In the present study, we characterized the function of the
recently discovered presynaptic protein Mover (Kremer et al.,
2007; Ahmed et al., 2013) by shRNA-mediated knockdown in
the calyx of Held in vivo. With this approach, we selectively per-
turbed a well-defined population of presynaptic terminals
without affecting any other synapse type in the area of interest.
The 75% reduction in Mover protein at the calyx of Held strongly
increased Pr, resulting in an increased EPSC amplitude (Figure 3)
as well as an increased and accelerated STD during high-fre-
quency stimulation (Figure 4). The increased Pr caused byMover
knockdown could be attributed to an increase in the intrinsic
Ca2+ sensitivity of evoked release, as shown by our Ca2+ uncag-
ing experiments (Figure 8). We thus demonstrate that Mover, at
the calyx of Held, acts as a negative regulator of Pr by decreasing
the Ca2+ sensitivity of evoked neurotransmitter release. This ef-
fect is probably mediated by a calcium-dependent interaction
of Mover and calmodulin (CaM) (see below and Figure S5).
Thus, we introduce a new player of the presynaptic AZ that reg-
ulates Pr, a key factor controlling neurotransmitter release during
synaptic transmission.
Mover and Bassoon Function
Mover was discovered via a yeast-two-hybrid screen with the C
terminus of Bassoon (Kremer et al., 2007), suggesting the possi-
bility of a Bassoon-related mechanism of Mover action. Studies
in the hippocampus of Bassoon knockout mice revealed only a3, August 5, 2015 ª2015 Elsevier Inc. 527
Figure 6. Presynaptic Capacitance Record-
ings Confirm an Increased Vesicular Pr after
Knockdown of Mover
(A) Representative scaled capacitance jumps eli-
cited by step depolarizations of 2, 10, and 30 ms
duration.
(B) Capacitance jumps induced by 1, 2, 5, 10, and
30ms depolarization. Amono-exponential fit to the
normalized (to the 10-ms induced DCm) averaged
data is shown.
(C) Time constants of the mono-exponential fits
obtained from individual cell data (n = 8–13).
Error bars represent SEM.mild synaptic phenotype that could be explained by the silencing
of a fraction of synaptic release sites (Altrock et al., 2003). Even
cultured neurons deficient in both Bassoon and the closely
related protein Piccolo failed to show an electrophysiological
phenotype, although the total number of SV clusters was
reduced in these synapses, as revealed by electron microscopy
(Mukherjee et al., 2010). However, recent studies showed that
Bassoon contributes to the fast replenishment of SVs at the
cerebellar mossy fiber to granule cell synapse (MF-GC) (Haller-
mann et al., 2010) and the endbulb of Held (Mendoza Schulz
et al., 2014). Bassoon was also shown to regulate RRP size,
Ca2+ current amplitude, and occupancy of release sites at the
ribbon synapse of the inner hair cell (Frank et al., 2010). These
latter findings may be limited to ribbon synapses, since they
seem to correlate with the detachment of the ribbon from the
AZ (Frank et al., 2010; Jing et al., 2013). In our study, we could
not detect any changes in RRP size or calcium current ampli-
tude, but we noticed a slight, non-significant reduction in the
replenishment rate during high-frequency trains. Moreover,
upon Mover knockdown, the recovery from depression was
accelerated. The effect of Bassoon on SV replenishment in
MF-GC synapses may be a special feature of this synapse,
because it has to relay very high firing frequencies with a limited
number of release sites (Rancz et al., 2007). In contrast, the calyx
of Held is equipped with a far higher number of release sites to
achieve comparable rates of synaptic transmission (Taschen-
berger et al., 2002; Sa¨tzler et al., 2002; Dondzillo et al., 2010).
Nevertheless, the slight reduction in the SV replenishment rate
during high-frequency trains could possibly be attributable to a
rather limited effect of Mover knockdown on Bassoon function.
Interestingly, a recent Bassoon knockout study detected, in
addition to a reduction in RRP size, an increase in Pr in the end-
bulb of Held synapse that was accompanied by a reduction
(20%) in Mover expression (Mendoza Schulz et al., 2014).
Thus, at calyceal synapses, Bassoon may recruit Mover to regu-
late release probability.528 Neuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc.Possible Mechanisms of Mover
Action
The increased Ca2+ sensitivity of evoked
release uponMover knockdown suggests
that Mover interacts with Ca2+ sensors
involved in neurotransmitter release.
Additionally, the effects described above
could also be attributed to a shortened
coupling distance between Ca2+ channels and Ca2+ sensors
located at SVs. However, this coupling distance has been re-
ported to become shorter during calyceal maturation (Fedchy-
shyn and Wang, 2005), while Mover expression increases
(Ahmed et al., 2013). We therefore consider it rather unlikely
that a shRNA-induced reduction of Mover leads to a shortened
coupling distance, a process that usually occurs in parallel with
an increase in Mover expression.
With regard to a Ca2+ sensor-dependent mechanism, four
major fast Ca2+ sensors have to be considered: Doc2b, synapto-
tagmin 2 (syt2), synaptotagmin 7 (syt7), and CaM. Doc2b and
syt7 have been suggested to be the Ca2+ sensors responsible
for asynchronous release (Yao et al., 2011, Bacaj et al., 2013,
respectively). However, we did not detect an obvious increase
in asynchronous release, which may be due to the calyx’s opti-
mization for fast, synchronous release during auditory process-
ing. Moreover, Doc2b has been suggested to be the Ca2+ sensor
to mediate spontaneous asynchronous release (Groffen et al.,
2010). Again, we did not detect changes in spontaneous release
properties in this study, even when recording in low extracellular
calcium (Figures 3 and S3). We therefore conclude that an inter-
ference of Mover with Doc2b- or syt7-mediated release seems
rather unlikely, although it cannot be fully excluded.
Phasic release upon Ca2+ entry is mediated by syt2 at the ca-
lyx of Held (Pang et al., 2006), and amodulatory effect ofMover is
therefore expected to interfere with the synchronicity of release.
However, the rise times of evoked EPSCs are not changed
in Mover knockdown synapses. Furthermore, alterations in the
energy barrier of release as well as in SV docking and priming
are usually connected to changes in spontaneous release
as observed for Munc13, Munc18, or complexin (Basu et al.,
2007; Verhage et al., 2000; Brose, 2008; Maximov et al., 2009).
Since this is not the case, not even when extracellular calcium
was reduced, direct effects of Mover on the syt2-dependent ma-
chinery for synchronous release seem unlikely, although they
cannot formally be excluded.
Figure 7. Presynaptic Calcium Currents and AP Waveforms Are Not
Affected by Mover Knockdown
(A) Representative calcium currents induced by 5-, 10-, 30-, and 50-ms step
depolarizations.
(B) Quantification of charge transfer over the indicated stimulus durations (n =
6–20).
(C) Representative scaled presynaptic AP waveforms in response to 1-Hz fiber
stimulation.
(D and E) Quantification of AP FWHM (D) and AP amplitude (E) (n = 5 per group).
Error bars represent SEM.The fourth high-affinity Ca2+ sensor present at synapses is
CaM. CaM has been shown to interact with numerous proteins
involved in all steps of neurotransmitter release (Chin andMeans, 2000; Junge et al., 2004; Dick et al., 2008; Di Giovanni
et al., 2010). Knockdown of CaM in cultured cortical neurons re-
sulted in a decrease in Pr that manifested in decreased EPSC
and inhibitory postsynaptic current (IPSC) amplitudes as well
as in slowed and decreased STD without affecting EPSC ki-
netics, miniature EPSC (mEPSC) properties, or RRP size (Pang
et al., 2010). In the calyx of Held, inhibition of CaM by peptides
has been shown to slow recovery from synaptic depression (Sa-
kaba and Neher, 2001). Since the parameters affected by loss of
CaM function are the same ones that we found to be changed in
Mover knockdown calyces, it is tempting to speculate that
Mover somehow affects CaM function or vice versa. In support
of this scenario, recovery from depression has been shown to
be at least partially calcium dependent (Wang and Kaczmarek,
1998), and its acceleration upon Mover knockdown would be
in line with a Ca2+/CaM-dependent effect of Mover in the presyn-
aptic terminal. Therefore, we tested whether Mover and CaM
interact, by performing pull-down experiments with Mover.
Indeed, Mover and CaM could be pulled down together from
brain homogenates in a calcium-dependent manner (Figure S5).
This suggests that Mover binds directly to CaM, preferentially to
its activated calcium-bound form.
Of note, a recently publishedpaper reported that thedisruption
of CaM binding to Munc13-1, a major AZ component needed for
SV priming, at the calyx results in both slower replenishment of
SVs and slower recovery from depression (Lipstein et al., 2013).
Thus, CaM has a rather direct control on some of the parameters
changeduponknockdownofMover, supporting amodel inwhich
Mover exerts its effects on neurotransmitter release through an
interaction with CaM. However, despite the direct interaction of
Mover andCaM,wewere unable to detect changes in CaMbind-
ing toMunc13-1 in thepresenceofMover inpull-downassaysus-
ingpurifiedproteins (data not shown). Therefore, it seemsunlikely
that Mover exerts its modulatory effects on Pr by regulation of
Munc13-1 activity via CaM. Moreover, because CaM binds to a
large variety of presynaptic proteins, deciphering CaM-depen-
dent Mover functions will pose a challenge for future studies.
Given the fact that Mover is a vertebrate-specific gene that
appeared later in evolution than the core components of the AZ
machinery, Mover may represent an additional layer of control
suspended between Bassoon as a putative structural organizer
molecule and CaM as an established factor regulating Pr among
other functions relevant for synaptic transmission. However, the
exactmechanismbywhichMover exerts its effects on presynap-
tic function will be subject to future studies.
Implications for Synaptic Transmission
The localization of Mover at the outer membrane of SVs in com-
bination with the results concerning Mover function presented
above strongly suggest a regulatory role of Mover within the
synaptic vesicle cycle of synapses. The negative regulation of
Pr may be present only in a distinct subset of synapses, as
judged by the expression pattern of Mover (Kremer et al.,
2007). Since, at least at the calyx of Held, Mover decreases
the vesicular Pr, this could help to prevent synapses from RRP
deprivation during high-frequency firing. We thus speculate
that neurons may dynamically regulate the expression levels of
Mover to adjust for the momentary requirements of synapticNeuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc. 529
Figure 8. The Calcium Sensitivity of
Release Is Increased in Mover Knockdown
Calyces
(A) Amplitudes of evoked EPSCs under various
extracellular calcium concentrations normalized to
EPSC recorded in 2 mM extracellular calcium.
Data were fitted using an exponential growth
function.
(B) Average growth constants (K) (n = 6).
(C) Example traces of calcium uncaging experi-
ments. Top: presynaptic [Ca2+]I; bottom: post-
synaptic EPSC.
(D and E) Dependence of EPSC amplitude (D) and
peak release rate (E) on [Ca2+]i. Each dot repre-
sents an individual uncaging stimulus (flash) (n =
30–39 flashes from five to nine calyces in each
group; p = 0.013 [EPSC amplitudes] and p = 0.049
[peak release rate]; ANCOVA).
Error bars represent SEM.transmission. Higher levels of Mover would decrease Pr and
therefore decrease the frequency response of the synapse, while
lower levels would increase Pr. Therefore, different expression
levels of Mover could underlie the highly heterogeneous Pr found
in a large number of synapses (Branco and Staras, 2009). On the
network level, this could affect homeostatic and activity-depen-
dent forms of plasticity as well as information transfer in general.
Underscoring these considerations, the human equivalent of
Mover was found to be upregulated 2.5-fold in the anterior cingu-
late cortex of schizophrenic patients (Clark et al., 2006).
EXPERIMENTAL PROCEDURES
Constructs and AAV Production
Sequences coding for either a shRNA directed against Mover mRNA (AATTC
CAGTTTCCTCCAAAGT) or a mismatched control (AGTTTCAATTTCCACC
TAAAT) were subcloned into an AAV vector in which shRNA expression was
driven via the U6 promoter. The vector additionally coded for the fluorescent530 Neuron 87, 521–533, August 5, 2015 ª2015 Elsevier Inc.reporter mOrange under chicken-beta-actin pro-
moter control in cis. The expression cassette
further contained the cytomegalovirus (CMV) early
enhancer, a woodchuck hepatitis virus post-tran-
scriptional regulatory element and a bovine growth
hormone polyA signal, and was flanked by AAV
serotype 2 inverted terminal repeats (Ku¨gler
et al., 2003; Klugmann et al., 2005). Furthermore,
a rescue construct for Mover was generated by
introducing silent mutations at the same positions
as in the mismatch control shRNA sequence. The
shRNA-insensitive rescue version of Mover was
C-terminally linked to mOrange via a 2A-peptide
(Tang et al., 2009). To ensure simultaneous knock-
down of endogenous Mover, the knockdown
shRNA was expressed under the control of the
U6 promotor in cis. Chimeric AAV particles of the
serotypes 1 and 2 were prepared as described
previously (Schwenger and Kuner, 2010; Hauck
et al., 2003; Klugmann et al., 2005).
Stereotaxic Injections
All experiments were conducted in accordance
with the German and European animal welfare
guidelines and have been approved by the Regier-ungspra¨sidium Karlsruhe. Sprague Dawly rats were injected with AAV particles
into the VCN at P2 as described earlier (Schwenger and Kuner, 2010; Wimmer
et al., 2004). In brief, rats were anaesthetized using 5% isofluran in oxygen.
Isofluran concentration was lowered to 1% and kept at this level throughout
surgery. Additional local anesthesia at the position of skin opening was ob-
tained by administration of 30-ml lidocaine subcutaneously. The skull was
aligned in the stereotax (Kopf Instruments) using an electronic leveling device
(eLeVeLeR; Sigmann Elektronik), and craniectomy of2mmdiameter was per-
formed. Injection capillaries were obtained by shaping ofmicropipettes (cat. no.
708707; Brand) on a horizontal puller (P97; Sutter Instruments) andmounted on
a custom-build manipulator (Wimmer et al., 2004). Approximately 2.5 ml of virus
solution was evenly distributed to the following coordinates relative to bregma
andmidline (x, y, in millimeters):6.6, 0.7;7.0, 0.7;7.4, 0.7;6.8, 0.9;7.2,
0.9; and 7.6, 0.9. Z and A positions were kept constant at 0.45 mm and
6.5 mm, respectively. The animals recovered within minutes and were returned
to their mothers. Rats were kept in individually ventilated cages.
Immunohistochemistry
P12/P13 rats previously injected with AAV particles were anaesthetized
and transcardially perfused with 15 ml of PBS followed by 20 ml 4%
paraformaldehyde (PFA) dissolved in PBS. The brains were removed and
stored in 4% PFA at 4C for 2 to 3 hr for post-fixation. PFA was removed by
three washes in PBS before the brainstemwas cut into 100-mm-thick slices us-
ing a vibratome (Sigmann Elektronik).
Antibody staining was performed as described by Schwenger and Kuner
(2010). Primary antibodies against Bassoon (1:1,000; cat. no.: ADI-VAM-
PS003; Enzo Life Science), VGLUT1 (1:1,000; cat. no.: AB5905; Millipore),
and Mover (1:1,000; cat. no.: 248 003; Synaptic Systems) were used. Appro-
priate Alexa-Fluor-coupled secondary antibodies (Invitrogen) were used at
1:1,000 dilution.
Prelabeling of calyces with mGFP was achieved by stereotaxic injection of
AAV coding for mGFP into the VCN at P2 (Dondzillo et al., 2010; Schwenger
and Kuner, 2010).
Confocal Microscopy
Confocal image stacks of stained brainstem slices were acquired using a Leica
TCS SP5 microscope equipped with a 633 HCX PL APO (1.45 NA) objective.
Three-dimensional reconstruction of whole calyces and quantitative image an-
alyses of fluorescence signals were performed using Amira 4.2 (Visage Imag-
ing) as described recently (Dondzillo et al., 2010; Schwenger and Kuner, 2010).
In brief, the mGFP fluorescence signal was manually thresholded and 3D
segmented to select only voxels belonging to the calyx of interest. mGFP-
delineated calyces were used as a template to isolate the corresponding
immunoreactive signals in each 3D immunofluorescence data stack. These
data were thresholded and subjected to quantitative volume analysis using
Amira 4.2. Image stacks used for co-localization analyses were deconvolved
using Huygens software (Scientific Volume Imaging).
dSTORM Imaging
Fixedbrainstemsliceswerepreparedasdescribedabove. Themedial nucleusof
the trapezoid body (MNTB) wasmanually excised and infusedwith PBS supple-
mented with 2.1 M sucrose for 30 min and plunge frozen in liquid nitrogen. The
300-nm-thick cryo-sections were prepared on a Leica Ultracut S equipped
with a cryo-chamber (Leica). Cryo-sections were picked up with a perfect loop
(Diatome) in PBS containing 2.3 M sucrose, mounted on glass bottom dishes
(grade 0), thawed for 10 min, and washed with PBS. Antibody staining on
cryo-sections was performed by blocking for 30 min in PBS supplemented
with 0.5% fetal calf serum (FCS), followed by 1 hr incubation with primary anti-
bodies in blocking solution (antibodies as described above at dilutions of
1:1,000 [anti-Mover], 1:500 [anti-VGLUT1], and 1:200 [anti-Bassoon]). Appro-
priate secondary antibodies labeled with Alexa532 or Alexa647 (Invitrogen)
were used at 1:500 dilution. Stained sections were post-fixed for 1 hr by 4%
PFA in PBS, and Tetraspeck beads (Life Technologies) were applied at 1:1,000
for 10 min to allow post hoc drift correction. Two-color STORM microscopy
was carried out as described before (Heilemann et al., 2008) in PBS supple-
mented with 100 mM mercaptoethylamin, using an IX81 inverted microscope
(Olympus) equipped with a 1503 UApo oil immersion objective (Olympus) and
a cellTIRF module. Eight thousand image frames per channel were recorded at
20 Hz using an Ixon EMCCD camera (Andor). Single-molecule localization and
image reconstruction were performed with rapidSTORM software (Wolter
et al., 2012). Images were drift-corrected, and channels were overlaid based
on registered bead signals using custom-written Java scripts and ImageJ.
Pre-embedding Immunoelectron Microscopy
Labeling of either Bassoon or Mover antibodies with gold particles (5 nm diam-
eter; Cell Microscopy Center, Department of Cell Biology, University Medical
Center Utrecht) was performed as described by Dondzillo et al. (2010) using
the primary antibodies denoted above at dilutions of 1:25. Transmission elec-
tron microscopy was performed as reported previously (Wimmer et al., 2006).
Preparation of Acute Brainstem Slices
Previously virus-injected animals were rapidly decapitated at P12/P13. Brains
were removed in ice-cold slicing solution containing (in mM) 125 NaCl, 25
NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 3 myoinositol, 2 Na-pyruvate, 0.4 ascorbic
acid, 0.1 CaCl2, 3 MgCl2, and 25 glucose aerated with carbogen (5% CO2 in
O2). Brainstem slices of 200- to 300-mm thickness were prepared on a vibra-
tome (VT1200S; Leica) and stored in artificial cerebrospinal fluid (ACSF) (inmM: 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, and
25 glucose aerated with carbogen [pH 7.3]) at 37C for 45 min and at room
temperature (22 ± 1C) thereafter.
Electrophysiology
Whole-cell patch-clamp recordings were established from either postsynaptic
principal cells of the MNTB or visually identified presynaptic calyx of Held
terminals using EPC-9 or EPC-10/2 amplifiers controlled by Pulse 8.80 or
Patchmaster software (HEKA). Structures of knockdown, mismatch, or rescue
control experimental groups were identified by expression of the fluorescent
reporter mOrange. All experiments were performed at room temperature.
Postsynaptic recordings were performed in ACSF using pipettes pulled from
thick-walled borosilicate glass (cat. no.: 1807515; Hilgenberg), which had
open tip resistances of 1.8 to 2.5 MU. The pipette solution for postsynaptic re-
cordings contained (in mM) 130 Cs gluconate, 10 CsCl, 10 HEPES, 10 TEA-Cl,
5 Na2-phosphocreatine, 5 EGTA, 4Mg-ATP, and 0.3 GTP (pH 7.2). The holding
potential was 70 mV. Series resistances ranged from 3 to 6 MU and were
compensated for by > 90%. Recordings with Rs greater than 6 MU were
excluded from analyses. Postsynaptic EPSCs were elicited by afferent fiber
stimulation via a parallel bipolar electrode (cat. no.: PBSA0275; FHC) placed
close to midline (2- to 6-V stimuli, and 100- to 200-ms duration). Currents
were digitized at sampling rates of 10 to 100 kHz and Bessel-filtered at 2.9
kHz. During recordings under varying extracellular Ca2+ concentrations,
Ca2+ was substituted by Mg2+ to keep the concentration of divalent cations
constant. New Ca2+ equilibrium concentration was achieved within 3 to
4 min (perfusion rate 4.5 ml/min). For the investigation of spontaneous release
in low extracellular Ca2+, slices were incubated in ACSF containing 0.75 mM
Ca2+ and 2.25 mM Mg2+ for at least 45 min before recording.
Presynaptic recordings were performed with Sylgard coated pipettes that
had open tip resistances of 3 to 6 MU and were filled with (in mM) 130 Cs glu-
conate, 15 CsCl, 10 HEPES, 20 TEA-Cl, 5 Na2-phosphocreatine, 0.5 EGTA, 4
Mg-ATP, and 1GTP (pH 7.2). The ACSFwas supplementedwith 1 mMTTX (Ab-
cam) and 20 mM TEA-Cl to isolate Ca2+ currents. Presynaptic stimulation was
induced by step depolarizations from holding potential (80 mV) to 0 mV of
various durations. Series resistance was < 30 MU and compensated for by
30%–70%. Membrane capacitance was calculated from the application of a
sinusoidal stimulus wave (1,000 Hz and 30 mV amplitude) on top of the
direct current holding potential by using the lock-in amplifier of Pulse 8.80
software.
Presynaptic AP waveform in response to midline stimulation was assessed
by whole-cell current clamp recordings in standard ACSF. The pipette solution
contained (in mM) 130 K gluconate, 4 KCl, 10 HEPES, 5 Na2-phosphocreatine,
0.1 EGTA, 4 Mg-ATP, and 1 GTP (pH 7.2). Reported voltage values have not
been corrected for liquid junction potentials.
For Ca2+ uncaging experiments, the presynaptic pipette solution contained
(in mM) 125 Cs gluconate, 20 HEPES, 20 TEA-Cl, 0.5 MgCl2, 0.8 CaCl, 0.1
Fura-2FF (Teflabs), 1 DM-nitrophen (DMN; Merck), 5 Na2-ATP, and 0.3 Na2-
GTP (pH 7.2), and ACSF was supplemented with 1 mM TTX, 10 mM TEA,
50 mM APV (Abcam), 100 mM cyclothiazide (Abcam), and 2 mM g-DGG (Ab-
cam). A UV flashlamp (JML-C2; Rapp Optoelectronic) was used to photolyse
DMN in the presynaptic terminal as described before (e.g., Schneggenburger
and Neher, 2000). The intracellular calcium concentration was monitored (Neo
sCMOS; Andor) by Fura-2FF exited at 350 and 380 nm using monochromator
(Polychrome II; Till Photonics). [Ca2+]i was analyzed based on calibration con-
stants obtained as described previously (Kochubey and Schneggenburger,
2011b).
Data were analyzed using custom-written IGOR (Wavemetrics) routines.
Statistical significance was determined by one-way ANOVA followed by Dun-
nett’s test using Prism 5.0 software (GraphPad Software) (* = p < 0.05, ** = p <
0.01, and *** = p < 0.001). Data are presented as mean ± SEM.SUPPLEMENTAL INFORMATION
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